Fracture accidents are often caused by fatigue, and these fractures start from the sites of structural discontinuities such as notches, holes, sharp corners, and weld defects which may induce the considerable local stress concentrations. In order to investigate the effects of plate thickness on fatigue strength, semi-elliptical side notches in plates and two types of welded joints of different plate thickness are studied in the present paper. An empirical formula is used to calculate the stress intensity factors of semi-elliptical side notches in plates so that the thickness effect on fatigue strength can easily been investigated for a variety of geometrical parameters. In the welded joints combined analytical and numerical calculation is performed for the evaluation of stress intensity factors of shallow cracks, and the rest of the calculations are carried out by the finite element method. From this study, the transition point, at which the magnitude of stress intensity factor is reversed has been identified, and the results are contrasted with the 1/4 power law based on the S-N approach.
INTRODUCTION
It is well known that one of the major causes of structural failure is fatigue. Fatigue cracks are often observed at the stress concentrated region of the notches and weld toe. The weld defects such as undercut, porosity, lack of fusion, slag inclusion, incomplete weld root penetration and misalignment may induce fatigue cracks which may lead to a possible structural failure.
Fukuoka and Mochizuki 1) studied the effect of plate thickness on fatigue strength considering doubling plates and gusset plates. They investigated the thickness correction exponent of various welded joints and showed that the thickness correction exponent is varied for different joints. Gurney 2, 3) stated that thickness effect could be demonstrated using both fracture mechanics theory and experimental work. He pointed out that plate thickness was likely to be a relevant variable for fatigue strength under bending stresses and the effect of plate thickness on fatigue strength could be significant. Recently, the International Association of Classification Societies (IACS) 4, 5) developed the Common Structural Rules (CSR) for bulk carriers and tankers, in which the thickness correction factor is taken into account for the assessment of fatigue strength. The thickness correction factor is taken as k = 0.25, regardless of the types of the welded joints.
The aim of the present study is to investigate the effects of plate thickness on fatigue strength considering semi-elliptical side notches in plates and two types of welded joints. Numerical computations have been carried out based on 2D finite element method. 6) 
ANALYSIS

Calculation of fatigue life
S-N approach
Gurney 7) proposed an empirical thickness correction formula by using S-N data for plate welds and for tubular joints covering the range of plate thickness up to 50 mm. The proposed formula of thickness correction for fatigue strength ; 
where S B is the fatigue strength for a reference plate thickness, t B and S is the fatigue strength for a plate thickness, t, under consideration. Assuming that the exponent of the S-N curve is 3, the corresponding thickness correction for fatigue life is;
where N B is the fatigue life for a reference plate thickness, and N is the fatigue life for a plate thickness under consideration.
Fracture Mechanics approach
To calculate the fatigue crack propagation life, the equation of Paris is usually employed, in which the fatigue crack propagation can be calculated by;
where da/dN is the crack growth rate per cycle, C and m are material constants, ΔK, is the stress intensity range, ΔK th is the threshold stress intensity range, a is the crack length and N is the ＊ Yokohama National University 
where a 0 and a f are the initial and final crack lengths, respectively. It should be noted that the effect of the thickness is implicitly involved in the calculation of stress intensity range, ΔK, of the problem. The material constant, C=2.60x10 -11 , m=2.75, threshold stress intensity range, ΔK th =2.00 MPa√m are assumed for the calculation of fatigue life.
Stress intensity factors of a crack emanating from semi-elliptical side notches in plates
In order to estimate the effect of plate thickness of fatigue crack propagation, we first consider a simple problem of a crack emanating from a semi-elliptical notch as illustrated in Fig.1 , where the solution of the stress intensity factor is given by an empirical formula 8) . Cracks of length, a emanate symmetrically from these notch roots. 2l and 2w are the length and width of the plate and the length-width ratio is assumed, l/w = 3.0. The plate is subjected to uniform tensile stress, σ 0 , applied at both ends of the specimens. Fig. 1 Geometry of rectangular plate with a semi-elliptical notch (half body is illustrated due to the symmetry)
Specimen modelling
Stress concentration factor
Every discontinuity forms an interruption of the load path, therefore it deviates the load-flow lines and, hence, causes a stress concentration. Stress concentration factor, k t is defined by In the above Equations, σ max is the maximum stress, σ net is the net stress, d is the depth of the notch, and w is the half width of the plate.
Stress intensity factor
For shallow cracks, the stress intensity factors are determined with the formula of Koiter 9) by using the maximum stress and its gradient at the notch root in an intact plate. We shall employ the empirical formula given by Yamamoto et al. 8) , which is based on the analytical calculation for the shallow cracks combined with the finite element calculations for deeper cracks. 
Fig. 2 Geometry of butt weld
In the fillet weld, the attachment is perpendicular to the main plate and the gap between main plate and the attached plate is 0.01mm, the height of the attachment, h = 40mm, the thickness of the attachment, t a = 10mm, the leg length of the fillet weld, l 1 = l 2 = 6mm, and the depth of the undercut, d = 1mm. Also, the semicircular (ρ =1mm) shape is assumed for the undercut. The initial crack is located at the root of the undercut with its length, a = 0.05mm.
In order to examine the thickness effect, similar types of butt and fillet weld specimen without considering undercut at weld toe have been taken into account, keeping other weld parameters unchanged. The uniform tensile stress is applied at both ends of the specimens for the butt and fillet weld joints. 
Finite Element Analysis
In order to calculate the stress intensity factor, finite element analyses are carried out by using the finite element code, MSC Patran/Nastran. In Figs. 4 and 5 mesh subdivision near the undercut at weld toe are shown for butt and fillet welds, respectively. In Fig. 6 mesh subdivision at crack tip is shown for the butt weld, where the mid-side nodes of the 8-node quadrilateral elements surrounding the crack tip are moved to the quarter points so as to include the stress singularities at the crack tip. )
where G is the shear modulus, E (=206GPa) is the modulus of elasticity, ν(=0.3) is the Poisons ratio, L is the length of quarter point element and v is the crack opening displacement at the quarter point node. 
Stress intensity factor for very shallow cracks at the root of undercut
In order to circumvent the tedious finite element calculations for very shallow cracks at the notch root, we shall utilize the solution of an edge crack in an semi-infinite plate, in which a maximum tensile stress, σ max , with a negative stress gradient , g, is acting in an intact plate (see Fig. 7 ).
The stress distribution can be approximated by, 
Having calculated the maximum stress value and its gradient, we shall use Eqn. (10) for the evaluation of the stress intensity factors of shallow cracks at the notch root.
RESULTS AND DISCUSSION
Plates with semi-elliptical side notches
In order to investigate the effect of plate thickness on fatigue strength of plates with semi-elliptical side notches, calculations are carried out by using empirical formula for five different thicknesses of plates (t= 10, 22, 30, 40, and 50mm). As is shown in Figs. 8 and 9 , the stress concentration factor and stress gradients increase with increasing the thickness. As the higher stress gradient implies a less severe situation, stress gradient plays an essential role on fatigue strength regarding the thickness of the plate. Fig. 9 Variation of stress gradient with thickness of plates with semi-elliptical side notches Figure 10 illustrates the stress intensity factor with crack length, and they asymptotically approach to the value for the symmetric edge cracks of length, a in the rectangular plate. At the beginning of the crack growth, the stress intensity factors of thicker plates are higher than those of thinner plates, but this tendency is reversed after certain amount of crack growth. The ratio of the notch depth and notch radius is changed for five different cases (d/ρ = 0, 1, 2, 4, ∞), and it is found that the results show almost the similar tendency of stress intensity factors. (Fig. 11) , where the initial and the final crack sizes are assumed as, a 0 =0.03mm and a f respectively.
The stress range, Δσ net = 100 MPa is assumed to calculate the crack propagation life. As can be seen, the crack propagation lives do not exhibit considerable difference with respect to the variation of thickness of plates. The thickness effect of fatigue life based on the S-N approach is given by Eqn. (2) , so that the relative fatigue lives to that of the plate with the reference thickness is listed in Table 1 , where they do not depend on the notch sharpness. The relative fatigue life estimated by fracture mechanics is compared in Table 2 for different thickness and notch sharpness. The reference thickness is selected as 22mm in this case. 
Butt weld
Five different thicknesses of plates (t= 10, 22, 30, 40, and 50mm) are analyzed, keeping the other weld parameters constant. The stress distributions are calculated as illustrated in Fig. 12 , where the coordinate x is measured from the notch root to the thickness direction. In Table 3 , the stress concentration factors and stress gradients are compared with the thickness, in which the stress gradients are obtained by Eqn. (9) . As can be seen, the maximum stress increases with increasing the thickness. The ratios of the maximum stresses to that of the plate with the reference thickness, t B =22mm, are also compared in Table 3 . It may be found that the thickness effect of the stress concentration factor is not so significant as compared to 1/4 power law (see 3 rd and 4 th row in Table 3 ). 
Fig. 13 Stress intensity factor of butt weld with undercut
The stress intensity factor of cracks emanating from the root of the undercut is illustrated in Fig. 13 . In order to examine the detailed change of the stress intensity factors, Fig. 14 is introduced by enlarging the scale within the range, 0<x<2mm, where the stress distribution under intact condition is also included (right-hand-side axis). The linear stress approximation is valid in the range, x≤0.2mm, for the butt weld with and without undercut, so that Eqn. (10) is used within this range for the evaluation of the stress intensity factor of very shallow crack at the notch root. Initially, the stress intensity factors of thicker plates are higher than those of thinner plates, but this tendency is reversed after small amount of crack growth. This reversal point will be called as the "transition point" in the subsequent discussion, and it can be understood easily from the corresponding stress distribution in the same figure. (Fig. 15 and Table 4 ), where the initial crack size is assumed as, a 0 =0.05mm. Final crack lengths are taken in such a way that the stress intensity factor at the maximum load, K max , attains 3,000N/mm 3/2 , which may approximately correspond to the fracture toughness of structural steel. As can be seen, the crack propagation lives do not exhibit considerable difference with respect to the variation of thickness of plates. Similar calculations are carried out for the butt weld without the undercut. In Table 5 , the stress concentration factors and stress gradients are compared with the thickness. Although the thickness effect of the stress concentration is more pronounced than that of the weld without undercut, it is not so significant as compared to 1/4 power law. The stress intensity factors of cracks emanating from the weld toe and the stress distribution under intact condition within the range, 0<x<3mm are illustrated in Fig.  16 . The stress intensity factors also show the transition behavior. Fig. 16 Stress intensity factor and stress distribution of butt weld without undercut
The fatigue crack propagation lives are calculated and illustrated in Fig. 17 and Table 6 . Since the stress concentration near the plate surface has more pronounced effect in the present case, the thickness effect of the fatigue strength has been observed, but it still is not so significant as compared to the 1/4 power law in the S-N approach. 
Fillet weld
The stress concentration factors and the stress gradients are calculated for the fillet weld with and without undercut (see Table  7 ).
From Figs. 18 and 19, it is seen that at the beginning of the crack propagation the stress intensity factors of thicker plates are higher than those of thinner plate, and the transition point and transition behavior are almost similar to those of butt welds. The linear stress approximation is also made within the range, x≤0.2mm, for fillet weld with and without undercut. From these figures, it is also found that the dominant thickness effect appears within the surface layer of 1.5-2.0mm, so that considerable effect on fatigue strength is not observed for the case of undercut with its depth 1mm. Table 8 . Here, the crack propagation lives do not exhibit considerable difference in the case of weld with undercut, while some thickness effects are observed for the case without undercut (see also Table 8 ). 
CONCLUSIONS
Investigations are made for the effect of plate thickness on fatigue strength of plates with semi-elliptical side notches and, butt and fillet welds with and without undercut of 1mm depth, based on fracture mechanics approach, whose results are compared with the 1/4 power law of the S-N approach.
Although higher stress concentration is generally observed for thicker plates, the higher stress gradient may reduce this effect after small amount of crack growth. Although the stress intensity range is initially higher for thicker plates, this tendency may be reversed after the so called transition point, so that the thickness effect could not be so pronounced. Especially, in the present illustrative examples it is found that the thickness effect affects the stress distribution within a very thin surface layer, so that the effects of surface undulation such as undercuts or corrosion pits may also reduce the thickness effect. The welding residual stress is certainly another factor of thickness effect on fatigue strength to be studied in the near future.
